Background: While higher intake of fish and lower consumption of red/processed meats have been suggested to play a protective role in the etiology of several cancers, prospective evidence for hepatocellular carcinoma (HCC) is limited, particularly in Western European populations.
Results: HCC risk was inversely associated with intake of total fish ( per 20 g/day increase, HR = 0.83, 95% CI 0.74-0.95 and HR = 0.80, 95% CI 0.69-0.97 before and after calibration, respectively). This inverse association was also suggested after adjusting for HBV/HCV status and liver function score ( per 20-g/day increase, RR = 0.86, 95% CI 0.66-1.11 and RR = 0.74, 95% CI 0.50-1.09, respectively) in a nested case-control subset. Intakes of total meats or subgroups of red/processed meats, and poultry were not associated with HCC risk.
Conclusions:
In this large European cohort, total fish intake is associated with lower HCC risk.
Key words: cohort study, diet, fish intake, hepatocellular carcinoma, meat intake introduction Hepatocellular carcinoma (HCC) is the sixth most commonly diagnosed cancer and the third most common cause of cancerrelated deaths worldwide [1] . It is highly malignant and is usually diagnosed at late stages with poor prognosis. The major known HCC risk factors are hepatitis B and C (HBV/HCV) virus infection, aflatoxin exposure, tobacco smoking, and alcohol abuse accompanied by liver cirrhosis. However, little is known about additional risk factors, particularly in regions where HBV/HCV infections and exposure to aflatoxins are less prevalent. Several lines of evidence suggest the involvement of modifiable risk factors such as dietary exposures, yet few prospective studies have addressed them.
Fish is a rich source of omega-3 fatty acids, which through their possible anticarcinogenic and anti-inflammatory effects may protect against HCC [2] . Also, fish may contain relatively high amounts of vitamin D and selenium, which may protect against the development of several cancers [3] . In contrast, high intakes of meats, particularly red and processed meats, have been associated with increased risk at several cancer sites [3] , and may promote HCC through increased lipid deposition in the liver leading to nonalcoholic fatty liver disease [4] , dietary heme iron overload leading to hepatocyte injury and death [5] , and exposure to carcinogens that are formed from nitrate in processed meats and produced during hightemperature cooking of unprocessed meats [heterocyclic amines (HCAs), polycyclic aromatic hydrocarbons (PAHs)] [6] .
Therefore, the goal of this study was to investigate the association between fish and meat intake and HCC risk in the European Prospective Investigation into Cancer and Nutrition (EPIC) study, a large geographically and culturally heterogeneous cohort of Western Europeans.
materials and methods

study design
EPIC is a multicenter prospective cohort study designed to investigate the association between diet, lifestyle, and environmental factors and the incidence of various types of cancer and other chronic diseases. The rationale, study design, and methods of recruitment are described in detail elsewhere, including baseline assessment of various factors [7] . At recruitment (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) , diet and lifestyle data were collected from ∼520 000 men and women (aged 20-85 years, from 23 centers throughout 10 European countries); blood samples were collected from most participants.
All cohort members provided written informed consent. Approval for this study was obtained from the IARC ethical review board (Lyon, France) as well as from relevant ethical review boards of participating EPIC centers.
dietary measurement
Diet during the previous year from the date of recruitment into the study was assessed with country-specific, validated dietary questionnaires [8] . Dietary intakes (in grams/day) of total meat and fish were estimated from the dietary instruments by using standardized country-specific food composition tables. For this analysis, total fish included fresh, canned, salted, and smoked fish, fish products, crustaceans, molluscs, fish in crumbs, and unclassified fish. Fish were further classified as 'lean/white fish' such as cod, haddock, and plaice (fat <4 g/100 g) or 'fatty fish' such as salmon, tuna, trout, herring, kippers, and mackerel (fat ≥4 g/100 g) [9] . Meats were grouped into red meat (all fresh, minced, and frozen beef/veal/ pork/mutton/lamb/horse/goat), processed meat (mostly pork and beef that were preserved by methods other than freezing, such as salting/smoking/ marinating/air drying/heating), and poultry (all fresh, frozen, and minced chicken/turkey/duck/goose/domestic rabbit). Total meats included red and processed meats, and poultry. Processed meat (e.g. ham/bacon/sausages/ salami/bologna/corned beef ) mainly refers to processed red meat but may contain small amounts of processed white (e.g. poultry or turkey) meat [10] .
In order to improve comparability of dietary data across centers and to partially correct for dietary measurement error, a single standardized, computer-assisted 24-h dietary recall was obtained from an 8% stratified random sample (N = 36 900) for the purposes of calibration [11] .
follow-up for cancer incidence and mortality Cancer incidence was determined through record linkage with populationbased regional cancer registries (Denmark/Italy/Netherlands/Norway/ Spain/Sweden/UK; complete up to December 2008) or via a combination of methods, including the use of health insurance records, contacts with cancer and pathology registries, and active follow-up through study subjects and their next-of-kin (France/Germany/Greece; complete up to June 2010). Vital status follow-up is 98.5% complete (Germany/Greece: active followup of participants/next-of-kin; other countries: record linkage with regional/national mortality registries).
case ascertainment HCC was defined as first incident tumor in the liver (C22.0 as per the 10th Revision of the International Statistical Classification of Diseases, Injury, and Causes of Death ). For each identified case, the histology, the methods used to diagnose the cancer, and α-fetoprotein levels (nested case-control subset only) were reviewed to exclude metastatic cases or other types of liver cancers. 
cohort participants
statistical analyses
Cox proportional hazards (PH) models were used to calculate hazard ratios (HRs) as estimates of relative risks and 95% confidence intervals (CI) for total fish and meats intakes (overall and by subgroups) in relation to HCC risk. Age was the underlying time variable (entry time: age at recruitment; exit time: age at censoring or cancer diagnosis). Nonalcohol energy adjusted by residual method dietary exposures of interest were included in models as continuous and as categorical variables ( Table 2 footnotes). The HCC risk associations were also evaluated using multivariable restricted cubic splines [13] . Wald χ 2 was used to assess departure from linearity, and χ 2 statistic for heterogeneity by sex.
Two types of models were used to investigate independent and substitution effects for dietary exposures. The addition model estimated the effect of an independent increase in one subgroup of meat (e.g. red meat) while keeping the consumption of fish and other meat subgroups constant. In the substitution model, a total meat and fish intake was held constant, such that an increase in total fish intake was counterbalanced with an equal decrease in total meat intake while maintaining the total energy intake [14] . Crude Cox models were stratified by study center, age at recruitment, and sex, and adjusted for nonalcohol energy, and baseline alcohol intake. Multivariable models were additionally adjusted for several covariates ( Table 2 footnotes). Effect modification assessment and calibration for correction of dietary measurement errors are described in supplementary data, available at Annals of Oncology online.
In nested case-control study, conditional logistic models, with (i) matching factors only, and (ii) matching factors plus confounders as described above, were used to assess incidence rate ratio (RR) as estimated by odds ratio among all and HBV/HCV negative individuals. Adjustment/ stratification by liver function score was also tested (supplementary data, available at Annals of Oncology online and supplementary Table S1 , available at Annals of Oncology online).
All statistical analyses were conducted in SAS version 9.2 software (SAS, Inc., NC). Table S2 , available at Annals of Oncology online). HCC cases were more likely men, older, obese, current smokers, diabetic, and alcohol drinkers compared with noncases (Table 1) .
fish intake
Total fish intake was statistically significantly inversely associated with HCC risk ( Table 2 ). The multivariable HR per 20-g/day increase in total fish intake was HR = 0.83, 95% CI 0.74-0.95 before calibration and HR = 0.80, 95% CI 0.69-0.97 after calibration. In substitution models, HCC risk decreased with each 20-g increase in total fish offset by a 20-g decrease in total meat intake (HR = 0.86, 95% CI 0.75-0.99). In analyses of fish subgroups, lean fish ( per 10 g/day, HR = 0.91, 95% CI 0.81-1.02), fatty fish ( per 10 g/day, HR = 0.92, 95% CI 0.82-1.03), and crustaceans and mollusks ( per 10 g/day, HR = 0.86, 95% CI 0.70-1.06) were independently (addition model) associated with lower HCC risk. Cubic splines showed a decreasing trend in HCC risk with higher total fish intake, with no linearity departure (P = 0.880; Figure 1 ).
In the nested case-control subset, the association of total fish ( per 20 g/day) with HCC risk (RR = 0.87, 95% CI 0.70-1.10) was not altered by adjustment for HBV/HCV status (RR = 0.86, 95% CI 0.66-1.11) or liver function score (RR = 0.74, 95% CI 0.50-1.09). Similar results were observed among HBV/HCV-free participants.
meat intake
Total meat intake was not independently associated with HCC risk ( Table 2 ). The substitution model showed higher HCC risk with a 20-g increase in total meat intake offset by a 20-g decrease in total fish intake (HR = 1.16, 95% CI 1.01-1.34). Intakes of red/processed meats or poultry were not associated with HCC risk. Calibrated additive continuous models showed no HCC risk associations (total meat: HR = 0.93, 95% CI 0.82-1.12 per 20 g/day; red/processed: HR = 0.95, 95% CI 0.88-1.06 per 10 g/day; poultry: HR = 0.99, 95% CI 0.91-1.09 per 10 g/ day). In the nested case-control study subset, meat intake was not associated with HCC risk before or after adjustment for HBV/HCV status and/or liver function score, and after excluding participants with HBV/HCV.
effect modifications and sensitivity analyses
The results were not modified by sex. Exclusion of cases diagnosed during the first 2 years of follow-up did not appreciably change the HR estimates ( Table 2 footnote). Other exclusions (self-reported diabetes; nonmorphologically confirmed HCC cases) did not alter the findings. We did not observe any statistically significant multiplicative effect modifications. The only exception was poultry, for which a significant heterogeneity of effects was observed between the regions ( per 10 g/day, South = 0.80, 95% CI 0.68-0.95; Center = 1.10, 95% CI 1.01-1.19; North = 1.02, 95% CI 0.88-1.18; P interaction = 0.003).
discussion
In this large prospective study, a higher intake of total fish was associated with lower risk of HCC. Calibration of nutrient intakes to account for potential measurement errors strengthened the results for total fish intake. Intakes of total meats or subgroups of red and processed meats, and poultry were not associated with HCC risk, although a 16% increase in HCC risk was observed for a 20-g/day substitution of fish for meats. In a nested case-control subset, restriction of analyses to participants without HBV/HCV infections and adjustment for potential pre-existing liver disease resulted in a loss of e Crude Cox models were stratified by study center to control for differences in follow-up procedures and questionnaire design, by age at recruitment (in 1-year categories), and by sex to allow for different baseline hazard rates, and adjusted for nonalcohol energy, baseline alcohol intake, and intake of other types of meat (e.g. red meat was adjusted for processed meat, poultry and total fish intakes). f Multivariable models were additionally adjusted for smoking status (never, former, current, unknown), sex-specific physical activity level (inactive, moderately inactive, moderately active, active, and missing), self-reported diabetes status (yes, no, unknown), lifetime alcohol intake pattern (never, former light, former heavy, light, never heavy, periodically heavy, and always heavy drinkers, unknown), and continuous measures for body mass index (BMI; kg/m 2 ), and baseline intakes of coffee, alcohol, and dietary fiber (g/day). Other potential confounders examined, but not included in the model since their inclusion did not change the effect estimates by more than 10% were height, weight, waist-to-hip ratio, and level of education. Meat and fish intakes were mutually adjusted. statistical significance for the total fish-HCC risk associations, likely due to lesser number of cases. The role of fish intake in liver carcinogenesis has been little studied, with most evidence coming from case-control studies with substantial heterogeneity in findings, type of fish assessed, methods of preserving/cooking fish, and consideration of HCC alone or combined with cholangiocarcinoma [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The only prospective evidence is limited to the NIH-AARP Diet and Health Study [25] and four Japanese cohorts [26] [27] [28] [29] . The latter included populations exposed to ionizing radiation [28] , analyzed different fish types (broiled/dried/unspecified), investigated either liver cancer incidence [28] or mortality [26, 27] , or did not adjust for major confounders [27] . Only one reported an inverse HCC risk association among all and HBV/HCV positive participants [29] . The findings of the NIH-AARP, a large American cohort, suggested an inverse liver cancer risk association [25] . However, compared with our study, the consumption of fish among participants of the NIH-AARP study was lower, the study participants were older, the information on HBV/HCV status was not available, and HCC was analyzed as an aggregate outcome together with other primary liver cancers.
The association of meats and liver cancer risk has been studied in case-control studies, with largely inconsistent findings [15-19, 30, 31] ; in two Japanese cohorts, showing either increased risk of liver cancer mortality [28, 32] or null findings for pork and inverse association for ham/sausages [27] ; and in the NIH-AARP cohort, showing a positive risk association for red meats [33] . In EPIC, the weak positive association with red meat intake suggested in crude analyses did not persist after multivariable adjustment.
In contrast to red meats, poultry are lower in saturated fats and heme iron suggesting that higher intake independently or as a substitute for other meats may reduce HCC risk. Limited evidence for this exists from the NIH-AARP cohort [25] and other studies [17, 25, 27] , while ours shows a statistically nonsignificant inverse association.
Advantages of our study are its prospective design (eliminates differential recall of diet between cancer cases and noncases), as well as a focus on first primary HCC based on information on tumor morphology, histology, and behavior. This study is the first to incorporate both biomarkers of HBV/ HCV infection and liver function into the analysis, thus reporting findings in viral hepatitis free subjects and adjusting for potential liver injury.
Nevertheless, some limitations exist: diet was assessed only at baseline and may not have accounted for potential dietary changes during follow-up; potential for residual confounding from healthy lifestyle factors related to fish intake; small sample size, particularly in the nested case-control study subset; and measurement error from imprecise dietary instruments may have occurred, although we attempted calibration to partially correct for this. No data were available on incidence of diabetes or on aflatoxin exposure, which is uncommon in Western Europe [34] .
In conclusion, this comprehensive study has shown that a greater consumption of total fish (independently and as a substitute for total meat) is associated with a lower risk of HCC among Western Europeans. No statistically significant associations of red and processed meat, and poultry with HCC risk were observed.
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